DISCLAIMER
Portions of this document may be illegible in electronic image products. Images are produced from the best available original document. I. INTRODUCTION Recognizing the value of a table-top synchrotron light source for medical uses and other purposes, a group of researchers at Argonne National Laboratory (ANL), the Microfabrications Laboratory at the University of Illinois in Chicago, the University of Wisconsin, and the Technical University of Berlin have begun studies toward that end [ 11.
An important part of these studies is the design, construction, and testing of an undulator of period 1 mm. Undulators and wigglers are devices that are inserted into an electron or positron beam to produce x-rays. Such an insertion device has its magnetic field in a direction transverse to the beam direction and alternating periodically along the beam direction. The field causes the particles of the beam to oscillate, and thus to generate x-rays. The insertion device is called an undulator if the radiation emitted from neighboring periods is coherent, and a wiggler if it is incoherent. Wigglers and undulators each have a characteristic spectrum of radiation.
II. MICROFABRICATION: LIGA
The undulator will be fabricated by LIGA (a German acronym for Lithography, Electroforming, and Molding) processes [2]. In LIGA, x-rays with a wavelength less than 1 nm are used to expose a photosensitive layer, typically polymethylmethacrylate (PMMA). The PMMA is usually applied over a plating base, and when the exposed PMMA regions are removed in a highly selective developer, metal can be electroplated into the PMMA recases defined by the x-rays. The short wavelength minimizes diffraction, and the metal features can be electroplated several hundred microns high with edge runouts of less than 0.1 micron 131. 
m. THE UNDULATOR
The undulator can operate in the electron beam from the linac of the Advanced Photon Source (APS), now being commissioned at Argonne National Laboratory (ANL) and funded by the U. S. Department of Energy. With the positron production target retracted from the beamline, the linac could accelerate electrons to an energy of 750 MeV. The geometry of the undulator consists of a silver conductor embedded in poles and substrate of nickel-iron. Silver is chosen for its high electrical conductivity and its softness. Nickel-iron is chosen for its high permeability and suitable mechanical properties [4] . In the analysis, the copper conductivity was taken as 61.0 x lo6 S/m and the 75%-nickel, 25%-kon alloy substrate was taken to have a conductivity of 6.67 x lo6 and a permeability of 1oooO. The geometrical parameters appear in Table I and the operating parameters in Table II . The winding pattern is shifted one half period between the top and bottom halves of the undulator so that for the two halves, the currents in the beam direction oppose each other but in the transverse direction, currents flow in the same direction. Earlier designs with currents in the same direction top and bottom led to a field gradient across the central region of the undulator.
IV. ELECTROMAGNETIC MODELING
A shortened (2-period) version of the undulator was modeled using the eddy-current code ELEKTRA [5]. The silver and nickel-iron were treated as different vector-potential regions. The surrounding "air" was treated as a combination of vector-potential and magnetic scalar-potential regions, as needed for consistency with the current specifications. The current was specified in one of two ways. In the first, the electric scalar potential was specified on the two cross sections where the conductor crossed the boundary, and it was that potential difference which provided the voltage to drive the current. In the second, the magnetic scalar potential was specified on two boundary surfaces, the surfaces were connected by a scalar potential region that surrounded the current-canying conductors, and the potential difference between the two surfaces was equal to the current. Results for the two methods were in agreement. Figure 1 shows the two-period model used for the computation, with the nickel-iron slotted.
Because of the high current densities involved, the undulator will be run only in a pulsed mode, but in the modeling, it was driven by a 50 kHz steady-state AC source.
V. COMPUTATIONAL RESULTS
Because the gap (0.6 mm) is larger than the half period (0.5 mm), the undulator is not efficient; the mid-plane field is small compared to the average pole-to-pole field. Figure 2 is An earlier computation, treating the silver as a driven conductor with a specified current and the nickel-iron as a vectorpotential region with no net current, was used to consider the situation where the silver was insulated from the substrate, but that approach could not treat current sharing and current shunting between the materials. 
VI. THE TEN-SCALE MODEL

Construction
A ten-times ( IO-rnm period) model was designed and fabricated by EDM (Electrode Discharge Machining) using 1010 steel for the substrate and insulated copper wire for the conductor. Stainless steel spacers held the top and bottom halves in the correct relative positions. 
Measurement
The model was measured using a Hall probe. Space did not permit vertical motion of the probe and horizontal motion of the probe transverse to the beam direction did not show field variation greater than the measurement (about 2.6% rms), so measurements were taken only along the beamline.
The model was more than seven periods long. In the design, no effort was made to correct end effects, so the measurements were taken only over the central four periods at intervals of 0.129 nun. Results from the measurements are shown in Fig. 6 . Later, measurements were repeated over the central seven periods at intervals of 0.19 1 mm.
The model was driven with a current of 10 A from a DC power supply to avoid overheating the iron. This gave a peak field of 25.5 G, in agreement with the 26.6 G predicted by a 2-D computation.
vu. THE FULL-SCALE MODEL
The full-scale model was fabricated with conventional machining techniques. Strips of 1010 steel were mounted on a milling machine, and a slitting saw was used to make 0.2- mm wide and 0.2-mm deep slots in the structure with 0.3 mm between the slots. Insulated copper wire -0.18 mm in diameter was wound into the structure, and an adhesive fixed the wire position. Locating pins were also machined into the structure to locate one substrate directly over the other, and spacers determined a 0.6-mm gap.
In the future, the undulator accuracy will be improved by fabricating it by LIGA technology. A substrate of magnetic material will be diamond-turned to make it as flat as possible. A Si02 layer will be sputtered over this substrate approximately 1 micron thick, followed by a plating base. The plating material and oxide layer will be etched over the regions where the undulator poles will be located. A PMh4A layer 0.2 mm thick will be spun over the structure, and the PMMA then exposed to x-rays at a synchrotron, with a mask to define the windings, poles, and locating features. The silver conductor and the nickel-iron poles will be plated by passing current through the plating base or the magnetic substrate respectively. The PMMA will be removed, and the structures stacked by placing fibers in the locating features [I] .
